In the paper a simplified model for the evaluation of the seismic behaviour of masonry buildings is presented. The proposed methodology is based on the use of a new discrete element that with a reduced computational cost, with respect to a finite element simulation, is able to simulate the non-linear behaviour of a masonry panel in its own plane and for assemblage of a masonry building. The reliability of the proposed model has been evaluated by means of non-linear push-over analyses performed on masonry walls for which are available both theoretical and experimental results.
Introduction
The problem of the evaluation of the seismic resistance of a civil engineering structure represents a subject of high practical value but at the same time of very difficult resolution. It suffices to notice that many buildings have been constructed in regions which only subsequently have been classified as seismic areas and, as a consequence, this buildings have been designed for vertical loads only although they can be subjected to seismic loads. The social and political interest on this problem, which has been underestimated for decades, has recently grown as a consequence of repetitive dramatic building failures associated to even modest earthquake events. In Italy this dramatic events have led to a total revision of the seismic codes and a to a new classification of the seismic zones. Such an upgrade, which is obviously valuable, at the same time introduce new and complex problems which are urged to be solved in the structural engineering practice. In fact, in order to estimate the seismic vulnerability of an existing building and to establish if a structure require a seismic upgrade a structural engineer, that is not a researcher, needs adequate tools and sufficient knowledge that at the present time generally does not possess because, for background and experience, he was not needed to acquire. This problematic regards all civil engineering structures and with reference to buildings is mainly concerned to concrete and masonry structures. In the last decades many advances have been made for the evaluation of the seismic vulnerability of steel and reinforced concrete buildings and a great part of these progresses has been implemented in commercial structural engineering programs that can now be used in practical engineering. However, the same progresses have not been obtained for masonry buildings and nowadays the simulation of the nonlinear dynamic behaviour of a masonry structure still represents a very difficult problem which requires the use of high computational cost finite element models and very expertise judgement. For this reason, in the recent years, many authors developed simplified methodologies that, with a reduced computation effort, if compared with a nonlinear finite element simulation, should be able to simulate the non-linear seismic behaviour of masonry buildings and to provide results sufficiently accurate for engineering practice purposes. These methodologies are based on the use of simplified models [1÷5] which are able to describe the behaviour of a masonry portion and for assemblage of a masonry structure, some of these methodologies are based on the use of equivalent frame models [6, 7] . The aim of the present work is to define a new advanced computational tool for the simulation of the seismic behaviour and the evaluation of the vulnerability of masonry buildings which is also applicable in the current engineering practice. To this purpose, starting from the simplified models available in the literature and from the experience maturated on the modelling of reinforced concrete walls [8] , a discrete model of a portion of masonry wall has been introduced. This equivalent model, macro-element, is able to get the nonlinear behaviour of an entire masonry wall and of a whole building as an assemblage of several walls; the computational cost is strongly reduced if compared to a traditional finite element modelling. It is apparent that the effectiveness of such a macro-modelling is strongly dependent on the correct definition of the parameters so that the equivalence between the continuum and the discrete models is enforced. The single macro-element has been conceived with the purpose of represent a whole masonry pier; nevertheless, the model of the masonry pier could be also realised by a mesh of macro-elements. The macro-element has been designed to simulate the nonlinear mechanical behaviour of a portion of wall, including the limited tension and shear strength and accounting for the main failure mechanisms. The effectiveness of the proposed modelling has been evaluated by means of incremental static analyses carried out on masonry panels and walls which have been the object of theoretical and experimental research in the past.
The proposed discrete-element
The basic element of the proposed simplified approach has a simple and easy-comprehensive mechanical scheme, Figure 1 . It is represented by an articulated quadrilateral constituted by four rigid edges connected by four hinges and two diagonal non-linear springs; in the following we call the quadrilateral as panel. Each side of the panel interact with other panels or with external elements or supports by means of a discrete distributions of non-linear springs which we call interfaces. Each interface is constituted by n+1 springs, the n transversal springs act orthogonally to the panel side, the sliding spring controls the relative motion in the direction of the panel surfaces. Such a simplified scheme is able to simulate the main collapse mechanisms of a portion of masonry wall subjected to horizontal loads and vertical loads in its own plane. These collapse mechanisms, namely the flexural failure, the diagonal shear failure and sliding shear failure are roughly represented in Figure 2 in which the main location of cracks together with the kinematics are indicated. In Figure 3 it is shown how the proposed discrete element allows a simply and realistic simulation of the kinematics associated to the failure mechanisms that must be controlled by specific non-linear springs. It is worth to notice that, in order to obtain reasonable results, for each failure mechanism a suitable resistance criteria must be considered and well calibrated with the experimental results.
The flexural failure collapse is associated to the rocking of the masonry panel in its own plane; the lost of the bearing capacity in this case is related to progressive rupture of the panel in the traction zone and/or to the crushing of the panel in the compression zone, Figure 2a . This collapse mechanism can be simulated by the considered discrete-element and can be conveniently controlled by the transversals springs of the interface whose role is to concentrate the axial and flexural deformability of the masonry panel and to predict the corresponding failure mechanisms (Figure 3a) . The diagonal-shear failure collapse is associated to the lost of the bearing capacity of masonry panel due to excessive shear and the consequent formation of inclined diagonal cracks along the direction of principal stresses. Using the discrete-element this shear-collapse mechanism can be controlled by means of the diagonal springs that have exactly the role of simulate and predict the non-linear shear response of the panel (Figure 3b ).
The sliding-shear failure collapse is associated to the sliding of the masonry panel in its own plane. In this case the corresponding lost of the bearing capacity is associated to the formation of horizontal cracks in the bed-joints, Figure 2c . This failure mode, that generally occurs for low level of vertical loads and low values of friction coefficients, can be controlled through the longitudinal interface non-linear springs.
(a) (b) (c) Although the proposed simplified model has been conceived in order to simulate the behaviour of an entire masonry wall, it can also simulate the nonlinear behaviour of a masonry portion and as a consequence allows the modelling of a masonry wall as a mesh of macro-elements. In some cases a mesh of macro-elements can be useful to obtain a more detailed response (i.e. interface stress distribution) or to get an insight into the kinematics failure mechanism of the structure. In the following paragraphs, the kinematical and mechanical characteristics of the panel and of the interface are described. Then a proposal for the calibration of the mechanical parameters of the model is presented.
The kinematics
A discrete element model can be regarded as an assemblage of panels reciprocally connected by interfaces. A simply example of a masonry wall modelled by means of the proposed methodology is represented in figure 4 . It is worth to notice that, with the proposed procedure, the masonry wall is assimilated to an equivalent mechanical scheme in which the physical role of each element is well clear and therefore the implementation of the model can be done also by using a large purpose finite element program. The model can also be refined by using more panels in order to better describe the kinematics of the masonry wall. The degrees of freedom of the structural scheme are associated to the in-plane motion of the panels. Each panel exhibits three degrees of freedom, associated to the in-plane rigid body motion, plus a further degree of freedom needed for description of the panel deformability. Hence the total degrees of freedom of a n panels structural scheme are 4n. As Lagrangian parameters the four displacements of the rigid edges along their own directions have been chosen, as reported Figure 5 in which the corresponding dual forces are also represented. The deformations in the interfaces are associated to the relative motion between the corresponding panels and does not need any further Lagrangian parameter. The complete kinematics of a generic interface is dependent by six degrees-of-freedom, needed for the description of the motion of the two connected rigid sides of the panels. If the interface connects a panel to an elastic external support (i.e. a deformable soil) three degrees-of-freedom are relative to the panel side while the other three pertain to the elastic restraint that simulate the soil deformability. A schematic representation of an interface is reported in Figure 6 where, for the sake of clarity only, the interface is represented with a finite thickness although in the analytical model interfaces do not have thickness. For simplicity, each interface has been identified by two nodes i and j, Figure 6a . Each node actually is associated to two joints of the model, each belonging to one of the two panels connected by the interface. Therefore in the initial undeformed configuration, corresponding to a zero stress condition, the two distinct joints corresponding to the same node share the same position.
Calibration of the non-linear springs
It has been shown that the kinematics of the model is able to simulate the main failure mechanisms of a masonry element. However the effectiveness of the simulation of the non-linear behaviour is strongly dependent on an suitable definition of the parameters of the model that should lead to a reasonable equivalence between the masonry wall and its simplified non-linear mechanical representation. This equivalence can be enforced using different approaches and different collapse criteria. The approach considered herein is based on a mechanical equivalence between the discrete model and reference continuous models characterized by simple but reliable constitutive laws. The aim is to obtain a calibration approach based only on the mechanical characteristics of the masonry that must be assimilated to an equivalent homogeneous media. To this purpose, different continuous models of the masonry are considered and the equivalence between the macro-model and the continuous models is enforced by simple physical considerations. Namely a local constitutive law for each aspect of the non-linear mechanical behaviour and the relative failure mechanisms will be defined. Following this approach each spring will inherit an uni-axial nonlinear force-displacement law from the continuous model chosen for the description of the mechanical behaviour that the spring contribute to simulate. It is worth to notice that the proposed model allows a physically consistent characterisation of the masonry structure, since all the parameters of the model can be calibrated by means of the usually adopted masonry mechanical parameters that can be obtained by the standard laboratory and in situ tests [9] or can be assumed by the expertise judgment on the base of the knowledge of similar masonry structures.
Calibration of the transversal springs of the interface
Since the masonry is considered as an homogeneous media, without any differentiation between bricks or stone elements and mortar joints, the global behaviour can be ascribed to its flexural and shearing characteristics. The flexural behaviour is simulated by the transversal springs of the interfaces which connect the panel with other elements and/or external supports. In these nonlinear springs all the flexural properties of the portion of masonry which the panel represents are lumped.
In the applications reported in the following each transversal spring has been calibrated by assuming a non-symmetric elasto-plastic behaviour with limited deformability. The orthotropic nature of the masonry, represented by the panel and the interface, can be simply considered by calibrating the horizontal and vertical interfaces according to the mechanical properties of the corresponding orthogonal directions. Considering the general case in which an horizontal interface connects to panels characterized by different properties, the vertical transversal springs must simulate the deformability of the two panels in the vertical directions. The stiffness calibration can be simply obtained by considering the influence area of each panel and concentrating the corresponding stiffnesses in two different springs that put in series give the resulting spring of the interface, Figure 7 . Therefore each spring is simply calibrated by enforcing the equivalence between the spring and the axial rigidity of the masonry strip which pertains to it. That masonry strip (influence area) is as wide as the span between two consecutive springs λ and as high as the halfdimension of the panel in the direction perpendicular to the interface L/2, Figure 7 . With reference to a single panel, according to the above described simply procedure, the initial stiffness (K p ), the elastic yielding strengths (F cy , F ty ) and the ultimate displacements (u cu , u tu ) for compression and tension are derived by the knowledge of the mechanical material properties of the masonry part that the considered panel has the role to represent. where: E is the Young's modulus in the direction orthogonal to the interface; σ c and σ t are the compression and traction yielding stresses, ε cu and ε tu are the ultimate compression and traction strains; L is the dimension of the panel in the direction orthogonal to the interface; s is the thickness of the represented masonry; λ is the span between two consecutive springs. Once the mechanical properties of the springs corresponding to both panels have been defined it is necessary to combine the two obtained nonlinear springs in a single resulting spring. This require the definition of the stiffness, the yielding strengths and the ultimate displacements for the resulting spring that actually represent an interface spring. As it is well-known, the stiffness equivalent to two springs in series is given by
The yielding strength of the resultant spring is obviously equal to the minimum between the yielding strengths of the two springs in series. The ultimate displacements for compression and tension can be obtained by adding the ultimate displacement of the spring that yields at first and the displacement attained at the same force by the other spring that remain elastic; namely:
where: ε tu Fmin and ε cu Fmin are the ultimate tension and compression strains of the spring which owns the minimum yielding strength (F ty min ), and K Fmax is the stiffness of the spring which owns the maximum yielding strength. When the limit displacement of a spring is attained, a fragile rupture is experienced; this means that the spring is instantaneously unloaded and the force previously carried by the spring is redistributed to the other elements. A different behaviour for rupture in compression and in tension has been provided. In fact when a spring reaches the limit displacement in compression after the unloading it is totally removed from the model. When a spring attains the limit displacement in tension, it will be no more able to carry tension forces but it can bear compressive loads once the contact between the elements is restored.
Calibration of the sliding spring of the interface
The sliding spring has the role of simulating the potential sliding between the two elements connected by the interface. The characteristics of that spring depends on the contact surface between the two elements and therefore on the state of the transversal springs. Namely, when the contact surface between the elements reduces to zero the sliding spring has no more effect. This spring is characterised by a rigidplastic constitutive law with a Mohr-Coulomb yielding surface. The yielding limit force has been assumed as a linear function of the resultant normal strength N which acts on the interface by means of a friction coefficient µ and a cohesion force F o , Figure 8 . 
Calibration of the diagonal springs of the panel
The diagonal springs have the role to control and simulate the diagonal shear failure collapse, associated to the lost of the bearing capacity of masonry panel due to excessive shear and the consequent formation of inclined diagonal cracks along the direction of principal stresses. To simulate the shearing behaviour an elasto-plastic constitutive law with a yielding limit depending on the average axial force on the panel is considered. To this purpose in the following application the Turnsek & Cacovic [10] yielding surface has been adopted. Once the constitutive models of the masonry have been defined, these can be used to determine the parameters of the diagonal springs of the panel.
The calibration of these parameters consists of a force and displacement equivalence between a masonry wall, considered as a homogeneous solid deformable only for shear, and the discrete model, given by the articulated quad with the two diagonal springs (Figure 9 ). The ultimate displacement of the wall (δ u ) has been assumed, according to Magenes and Calvi [11] , in terms of the ultimate angular deformation (γ u ) of the masonry:
where Hp is the height of the considered panel. Once the ultimate shear strength and displacement are known, the corresponding parameters of the diagonal springs are obtained by means of simply equilibrium and compatibility conditions.
Numerical applications
In this section the proposed macro-model is employed to simulate the response of masonry walls for which numerical and/or experimental results are available from previous surveys. Namely the results of static incremental analyses are presented and compared with those already presented in the literature. The case presented herein is relative to a masonry wall belonging to an existing five storey building in Catania (South-East Sicily) designed and built for vertical loads only. For the considered wall numerical results obtained with different models are available in the literature since the building has been taken as a case study in a research programme called "Catania Project" coordinated by the GNDT (Italian National Group for the Defence against Earthquakes) [12] . In this programme the considered building has been chosen as representative of many recent Italian masonry buildings, characterised by sufficient-rigid floor and reinforced concrete floor beams; this ensures a global seismic behaviour with walls essentially subjected to in-plane loads. The building has been built in the '50s with surrounding lavic stone walls and internal brick walls. The considered wall is an internal wall of the building made of solid bricks. The thickness of the wall is equal to 30 cm for the first four storey and is reduced to 16 cm at the last floor. The voids distribution is regular along the height of the wall and is almost perfectly symmetric respect a vertical axis. The void, corresponding to the entrance of the stair-case at the ground floor, is much larger than the others and determines the formation of two slender piers. Concrete floor beams of the same height of the floor slabs (24 cm) and 30 cm wide are present at each level. According with the report of Catania Project [12] , the mechanical adopted parameters of the masonry are reported in table 1.
6.0 0.1 500 0.15 0.53% 0.15 0.5 Table 1 : Mechanical characteristics of the masonry.
The ultimate shear sliding has been chosen according to experimental tests on panels [11] . The axial behaviour of masonry as been assumed indefinitely ductile in compression and fragile in tension. Two models of the wall have been developed: one without the floor beams (model A) and one including them (model B). In the model B the floor beams have been modelled as assemblies of thin rigid panels connected by bilateral interfaces with two transversal and one longitudinal linearlyelastic springs calibrate by means of an elastic equivalence.
In the analyses the static vertical forces due to the self weight of the structure and to the accidental loads have been considered, together with an incremental distribution of horizontal forces proportional to the floor masses and heights as reported in Table  2 . Both vertical and horizontal loads calculated for a given floor have been distributed equally and applied to all the elements of that floor. Namely in the model A the loads have been applied to the panels while in the model B the loads have been applied to the floor beams. Table 2 : Vertical and horizontal load distributions.
In the following the results of the nonlinear static analyses conducted with the proposed macro-model are reported. The obtained capacity curve and collapse mechanism have been put in comparison with the numerical results obtained by other authors using different models. Namely a finite element model with damage layers performed (Gambarotta e Lagomarsino [13] ) and a simplified model, based on the definition of an equivalent frame (Magenes and Calvi [6, 7] ) have been considered. The FE model by Gambarotta e Lagomarsino, even if retains all the drawbacks of a finite element modelling (i.e. the computational cost), is presented as the more effective means of numerical investigation for masonry structures. The simplified method based on the definition of an equivalent frame, called SAM method, provides the great advantage of modelling a wall by means of frame elements and includes the likely collapse mechanisms of the piers and of the spandrels by assigning appropriate failure domains. Figures 12 and 13 refer to the simulation of the collapse behaviour of the wall without the influence of the reinforced concrete floor beams while the results reported in Figures 14 and 15 are relative to the models which take into accounts the presence of the reinforced concrete beams over the masonry at the floor levels. Figure 12 reports the comparison, in terms of the push-over curves, relative to the models which do not take into account the presence of the floor beams. The results obtained by the proposed methodology are in good agreement in terms of ultimate load with both the considered reference models while the initial stiffness is closer to the results obtained by the FE model. The FE model predicts a global collapse mechanism by rocking of the piers [12] . Similar results are given by the SAM method which predicts the rupture of the spandrels and the subsequent rupture of the inflected piers of the first and last floor [12] . The collapse mechanism obtained by the proposed method, reported in Figure 13 , confirms the results obtained with the other simulation being associated to the rocking of piers and shear collapse of the spandrels at the floor levels.
The comparison of the push-over curves relative to the models that take into account the role of the floor beams is reported in Figure 14 . It can be observed a good agreement between the FE model and the proposed method. The collapse mechanism is reported in Figure 15 , from which it can be noted how the proposed macro-model is able to predict the diagonal shear collapses of the piers at the first levels that are subjected to high normal actions as well as the flexural failures of the piers at the same levels but characterized by a reduction of the vertical load during the incremental analysis. This results are essentially in agreement with the results obtained by the reference models [12] . The comparisons between the two models A and B, clearly shows the great effect played by the presence of the floor beam that are able to prevent a collapse mechanism characterized by the rocking of piers of height equals to the height of the building and the failure of the portions of masonry between these high masonry piers.
Conclusions
The problem of the evaluation of the seismic resistance of a civil engineering structure represents a subject of high practical value but at the same time of very difficult resolution. This problematic regards all civil engineering structures and with reference to buildings is mainly concerned to concrete and masonry structures.
In the present work is proposed an advanced computation tool for the simulation of the seismic behaviour and the evaluation of the vulnerability of masonry buildings which is also applicable in the current engineering practice. Namely a discrete model of a portion of masonry wall has been introduced. This mechanical equivalent model, macro-element, is able to get the nonlinear behaviour of an entire masonry wall and of a whole building through an assemblage of several walls; the computational cost is strongly reduced if compared to a traditional finite element modelling. The macro-element has been designed to simulate the nonlinear mechanical behaviour of a portion of wall, including the limited tension and shear strength and accounting for the main failure mechanisms. A suitable definition of the parameters of the model that leads to a reasonable equivalence between the masonry wall and its simplified non-linear mechanical representation as been proposed. The approach considered is based on a mechanical equivalence between the discrete model and reference continuous models characterized by simple but reliable constitutive laws. The effectiveness of the proposed modelling has been evaluated by means of incremental static analyses carried out on masonry panels and walls which have been the object of theoretical and experimental research in the past. The results that have been presented in the paper are relative to a 'work in progress' because the purpose of the research is to develop a simplified tool for the evaluation of nonlinear dynamic behaviour of masonry building.
